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@> Methods and devices for real-time formation Imaging through moasuremont-whlle-d rilling tolomatry. 



@ Methods for providing an image at the sur- 
face of Q formation surrounding a borehole in 
real-time include associating resistivity meas- 
urements with a predetermined number of pro- 
selected toolface positions. The resistivity 
measurements are subjected to data compres- 
sion and transmitted upholo by MWO telemetry. 
At the surface the compressed resistivity meas- 
urements are associated with the preselected 
toolface positions and with a calculated trons- 
iational distance value. The reslstMty measure- 
ments are decompressed and/or converted to 
Pixel information. The pixel Information is ar- 
ranged according to toolface position and 
translations! distance to create a high resol- 
ution of the formation. These processes are 
repeated over time so that the image created 
represents the formation over a selected dist- 
ance. Apparatus of the invention used to per- 
form the methods include an MWD telemetry 
device, qt loost one downhole formation resis- 
tivity sensor, and downhole dcvicc{s) for deter- 
mining the toolface of the resistivity sensor. 
Downhole processors) are provided for 
synchronizing, selecting and compressing re- 
sistivity measurements. On trie surface, a trans- 
lations! distance sensor is provided along with 
processors) for associating, converting, and 
arranging. At the surface, the associated infor- 
mation Is used to form an image of tho for- 
mation spanning a number of translatlonal 
distance values. 
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This application is related to the following co-assigned U.S. Patent applications, the complete disclosures 
or which are hereby incorporated herein by reference: 08/150,944; 08/150.941; 08/150,932; 07/955.101: and 
07/934,1 37. Th Is application is also rolatod to the following co-assigned U.S. Patents, the complete disclosures 
of which are hereby incorporated herein by reference: 5,249,161; 5,237,540; 5,235.285; 4.899.122; 4,879.463; 

5 and 4.843,875. 

BACKGROUND OFTHG INVENTION 

1. Field of the Invention 

10 

This invention relates to the processing of data acquired by a measurement while drilling (M WD) tool during 
the drilling of a wollfeoro, More particularly, the invention relates to methods and devices for transmitting to 
the surface In real-time an image of the formation penetrated by the borehole as the boroholo Is being drilled 
using luWO telemetry. 

1S 

2. State of the Art 

Modern well drilling techniques, particularly those concerned with the drilling of oil and gas wells, involve 
the use of several dlfforont measurement and telemetry systems to provide petrophyslcel data and data re- 

20 garding drilling mechanics during the drilling process, Data Is acquired by sensors located In tho drill string 
near the bit and either stored In downhole memory or transmitted to the surface using MYVD telemetry devices. 
The state of the art in data acquisition and telemetry is well exemplified by the "Integrated Drilling Evaluation 
and Logging System** (IDEAL, a registered trademark of Schiumbcrgcr) developed by Schlumberger/Anadritl, 
Sugar Land, Texas. The IDEAL system comprises several components which provide useful information re- 

25 garding downhole conditions ator near the bit while drilling. These components include a GEOSTEERING com- 
ponent which la disclosed in U.S. patent applications 08/150.932 and 08/150,941, a RAB (resistivity-at-the- 
bit> component which is disclosed in U.S. patent application 07/955.101 and U.S. patent 5.235.285. a RWOS 
(receiver, weight on bit and torque) component which la dlscloaod in U.S. patent application 08/150.944, a 
POWERPULSE (MWD) telemetry component which is disclosed in U.S. patents 5,237,540 and 5.249,161 and 

30 in U.S. patent application 07/934,137, a CD R (compensated dual resistivity) component which isdlsclosed in 
U.S. patent 4.899.122, a CDN (compensated density neutron) component which is disclosed in U.S. patent 
4,879,463, and an IDEAL Welts Ite information System. In addition, novel procedures for determining the In- 
stantaneous depth ("mlcrodeptrO and the rate of penetration of tho drill bit are disclosed in U.S. patent 
4.843.875, 

55 At the outset, it should be noted that not at) of the data acquired downhole is transmitted to the surface 

using MWO telemetry. MWD telemetry Involves the mechanical pulsing of mud surrounding the drill string in 
the well bore. Typically, downhole data is transmitted to the surface through mud pulse telemetry at a rate of 
approximately 1 bit per second. With the POWERPULSE MWD telemetry component however, a continuous 
mud wave or "sircn-typc" tolometry method is used together with design features and software which enable 

40 a transmission rate of 6 or more bits per second. The POWERPULSE MWD component is also equipped with 
sensors which measure magnetic and gravitational fields In throe dimensions. The magnetic and gravitational 
Information can then be used to calculate inclination, azimuth, and tool face (instantaneous angular position) 
of the MWD component and thus the drill string. Since most of tho downhole sensing components are capable 
of acquiring data much faster than can be transmitted by MWD telemetry, the data is typically stored In down- 

45 hole memory for later downloading when the tool is tripped out of the borehole. Only sclocted data is trans- 
mitted to the surface In real-time for analysis while drilling. 

The POWERPULSE MWD component Is typically located In the drill string near the bit with the other men- 
tioned components located cither above or below It, depending on the particular component Data acquired 
by the other components may be transmitted to the POWERPULSE MWD component by means of the RWOB 

co component by wireless telemetry such as electromagnetic tolometry or ultrasonic telemetry. Those skilled in 
the art will appreciate that electromagnetic telemetry may provide a data transmission rate as high as a few 
hundred bits per second. Therefore, while efficiency of communication between the various downhole sensors 
and the MWD component is not as much an issue as the efficiency of communication between the MWD com- 
ponent end the surface, it is nevertheless a limiting factor in gathering real-time data* 

6 Presently, the various components mentioned above acquire data regarding bit displacement including 
weight, torque, speed. Inclination and azimuth, formation resistivities, gamma ray, density, and neutron por- 
osity measurements. Of particular Interest to the present Invention are the data acquired by tho RAB compo- 
nent which includes formation resistivity data. Presently, these data are used to evaluate the formation and 

$ 
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for detecting fractures or thin or permeable beds. Azimuthal button electrodes on the RaS component acquire 
high resolution resistivity data. The resistivity measurements are indicative of Ihe type of formation (mineral 
and porosity) present around the wellbore, e.g.. sand, clay, lignite, montmoriilonite. water, bound water, goo* 
and oil, each of which have a different resistivity. The resistivity data can be converted into image data based 

5 on the known resistive properties of formation components to create a color Image where each resistivity is 
assigned a different color. Such an Imago will visually show the different layers of the formation and thereby 
aid in directing the drilling towards a hydrocarbon reservoir or in the production of hydrocarbons after the drilling 
has been completed. It is known to create such Images with downloaded data after the tool is tripped out of 
the borehole. It Is also known to create such images in reaJ-tlme with a "wireline" imaging tool which transmits 

10 u? the surface by cable. The known real-time imaging is therefore not performed while drilling, but is performed 
with a special imaging tool after drilling is completed. 

Resistivity measurements for Imaging are typically made In the range of 0.2 - 2.000 ohm-motors, i.e. a 
rolatlvo range of 1 0*. It would therefore take at least 1 3 bits to transmit a single resistivity measurement having 
a sensitivity of 0.2 ohm-meters. Consequently, It Is Impractical to transmit more than a few resistivity meas- 

is urements to the surface using the MWO component. Instead, they are stored in downhole memory for later 
downloading when the tool is tripped out of the borehole. Some resistivity data can be transmitted to the sur- 
face by the MWD component and at the surface to tho IDEAL Wellsite Information System which combines 
the resistivity data with surface data to provide a real-time numeric or chart display (a log) of the formation. 
While the log of the formation is extremely useful, the resolution of the real-time log is severely limited by the 

to transmission rate of tho MWD component 

As mentioned above, the most significant limitation of all real-time measurements in the wellbore te tho 
data transmission rate of the mud pulse telemetry systems, Evon with the state of the art 6 or more bits per 
second transmission rate, however, transmission of reai-ti me formation image data is unthinkable. In order to 
create such an image, one must associate the toolface (instantaneous angular position of the tool) with the 

25 formation resistivity measurements from the RA3 component and with the tool depth (actually the translation^ 
distance of the loot in the wellbore since the well bore Is not always vertical} at virtually exactly the same time 
(within a few milliseconds). Although the translation^ distance of the tool is available at the surface and the 
toolface and the formation measurements are ultimately available at the surface, they are not available within 
milliseconds of each other. Therefore, they must be associated downhole before transmission by the MWD 

so component However, as noted above, communication between the MWD component and the RAB component 
is at best a few hundred bits per second, not fast enough to associate data from both components within a 
few milliseconds. Even If the toolface data could be timely associated with the formation measurements and 
the translation^ distance data within a few milliseconds, the amount of data needed to define each distance- 
tootface-resistlvlty coordinate would be enormous In comparison to the slow transmission rate imposed by the 

as MWD component 

SUMMARY OF THE INVENTION 

It is therefore an object of the present Invention to provide a downhole method for associating in roaktime 
40 the toolface data of tho resistivity measuring tool with formation resistivity measurements. 

On© aspect of the invention provides a method for associating toolface- resistivity coord Inotos created 
downhofe with instantaneous translations! distance data available at tho surface to create three dimensional 
coordinates from which an image of the formation around the borehole can be created. 

Another aspect of tho Invention provides a data encoding and compression scheme so that relatively high 
*5 resolution toolfaee-resistivjty coordinates can be transmitted in real-time lo the surface at a rate of as low as 
6* bits per second. 

A further aspect of the Invention provides a time synchronization scheme so that downhole data acquired 
by different sensors can be associated with each other within a few milliseconds. 

A stilt further aspect of the invention provides a telemetry data frame for use by the MWD component so 
SO that toolface-reslstlvity coordinates can be transmitted to the surface in real- time along with other downhole 
data. 

Yet another aspect of tho Invention provides a method for asociaiing formation resistivity measurements 
with the toolface of the measuring tool when the rotational speed of the measuring tool is not constant 

Another aspect of the invention provid03 Image resolution enhancement methods for use on the surface 
5$ with tooiface-resistivity coordinates obtained from downhole to provide a relatively high resolution Image of 
the formation around the borehole In real-time. 

in accord with the invention, the methods for providing an image at the surface of a formation in real-time 
include first associating resistivity measurements with a predetermined number of preselected toolface posi- 

4 
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tions. This Is accomplished In different ways depending on whether the toolface component and resistivity com- 
ponent must communicate by telemetry or whether they ere "hard-wired* together When toolface and resis- 
tivity components are hard-wired together, the resistivity componentrecords a roslstivity measurement every 
time the toofface component indicates one of a number of preselected positions. When the tooirace and resls- 

5 tivity components communicate by telemetry, a synchronizing signal is sent by the toolfacc component to the 
resistivity component end both components record measurements against time at a synchronized rate for a 
specified period. The (time, resistivity) coordinates from the resistivity component are transmitted to the tool- 
face component where they are compared to the (time, toolface) coordinates and a predetermined number of 
resistivity measurements are selected as representing the formation at specified toolface positions. The se- 

io lected resistivity measurements arc thon subjected to data compression and transmitted uphole by mud pulse 
telemetry. At the surface, the compressed resistivity measurements are associated with the predetermined 
tootfacB positions and with a calculated translations! distance value representing the translational distance 
from the surface In the borehole at which the resistivity measurements were made. The resistivity measure- 
ments are then decompressed and/or converted to pixel Information. In this context "pixel information" moans 

is a single picture element not a single pixel of a video display. Each "pixel" in this context is typically a mono- 
chrome tile representing typically a 2x2 inch area. When displayed on a typical video display, each tile may 
be represented by thousands of video display pixels. The pixel Information is arranged according to toolface 
position and translational distance to thereby create a high resolution Image of the formation surrounding the 
borehole. These processes are repeated over time so that the Imago croated represents the formation over a 

20 selected distance. 

The devices of the Invention used to perform the methods disclosed heroin Include an MWD telemetry 
device, at least one downholo formation resistivity sensor, and downhole means for determining the toolface 
of the resistivity sensor. Downhole processor means are provided for synchronizing toolface and resistivity 
measurements. The toolface and resistivity measurements are stored in downhole memory prior to selection. 

2$ compression and transmission of the resistivity measurements. Downhole processing means are provided for 
selecting and compressing resistivity measurements. On the surface, means for determining the translational 
distance of the resistivity sensor over time are provided along with processing means for associating the trans- 
lational distance of the resistivity sensor with the compressed resistivity measurements transmitted by the 
MWD telemetry device and with tho predetermined toolface positions. Surface processing means for convert- 

30 ing the compressed resistivity measurements lo pixel information and arranging the pixel Information according 
to the associated translational distance and toolface Information are also provided. Imaging means at the sur- 
face uses tho associated Information to form an image of the formation spanning a plurality or translational 
. distance values. 

A preferred method according to the invention includes solecting a minimum number of resistivity meas- 

$6 urements to be made within one revolution of the drill string. Resistivity measurements are synchronized with 
at least one toolface position and resistivity measurements and toolface measurements are recorded at a rate 
which insures that tho selected minimum number of resistivity measurements to be made within one revolution 
of the drill-string win be made regardless of the rotational speed of the drill string. Resistivity measurements 
are compressed by selecting a plurality of numbered resistivity scalos. each of which have a plurality of num- 
bered resistivity vaJua ranges. The resistivity measurements made during one or more revolutions of the drill 
siring are analyzed and an appropriate resistivity scale is chosen to roprosont the resistivities measured during 
the one or more revolutions of tho drill string. The selected minimum number of resistivity measurements made 
during the one or more revolutions of the drill string are converted to an appropriate value range number taken 
from the selected scale. The selected scolo number followed by the selected range numbers are transmitted 

*S to the surface according to a data frame which allows other downhole data to be transmitted as well. The scale 
number and range numbers received at the surface are associated at the surface with surface calculated trans- 
lattoneJ distance data and converted to pixel Information. The pixel Information is arranged from left to right 
according lo the preselected toolface positions and from top to bottom according to translational distance val- 
ues. Optionally, the scale and range numbers may be associated with the resistivities to which they were orig- 

so Inally assigned to create a high resolution real-time image of the formation. 

Preferred apparatus for performing tho method according to the invention include: means for synchronizing 
and timing resistivity and toolface measurements; memory means for storing (toolface, time) coordinates and 
(resistivity, time) coordinates; a processor means coupled to the memory means for solecting and/or interpo- 
lating a predetermined number of resistivity measurements from the memory means, each selected resistivity 

99 measurement being associated with a predetermined tooiface position; and downhole data compression 
means for compressing the selected resistivity measurements according to a scale and range table stored in 
downhole memory. An MWD telemetry device transmits scale and range values to the surface. Means for de- 
termining the translational position of the resistivity sensor is provided at the surface together with means for 

5 
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associating the translation^ positions with scats and range values received at the surface. 

Additional object* and advantages or the invention will become apparent to those skilled In the arc upon 
reference to the detailed description taken In conjunction with the provided f Iguros. 

s DESCRIPTION OF THE DRAWINGS 

Figure 1 Is a schematic diagram of a drill string containing devices for acquiring, processing and transmit- 
ting data to croato an Image of the formation around the borehole in real-timo according to the invention; 
Figure 1a Is a schematic block diagram or the downhole data processing equipment; 
jo Figure 2 is o schematic diagram illustrating the parameters needed to create a single picture element for 
forming an Image of the formation around the borehole; 

Figure 3 la a timing diagram of downhole data acquisition, processing and transmf33ion uphola according 
to the methods of the invention; 

Figure 4 is a schematic block diagram of uphola reception and processing devices used to create an image 
1$ of the formation around the borehole in real-time according to the invention; 

Figure 5 is a diagram illustrating an Image prior to resolution enhancement; 
Figure 5a 19 a diagram illustrating one imago resolution enhancement method; and 
Figure 5b is a diagram illustrating another Image resolution enhancement method. 

20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

1 . Downhole Data Acquisition and Telemetry Hardware 

Figure 1 shows a schematic illustration of ono possible embodiment of a drill string io containing devices 

25 for acquiring and transmitting data for constructing a real-time image of the formation surrounding the borehole 
according to the Invention. The drill string 10 penetrates the formation 12 as the drill bit 14 rotates in the di- 
rection shown by the arrow 1 6. Although it is possible to rotate the drill bit 1 4 without also rotating the drill string 
1 0, for purposes of the present invention, it is the rotation of the drill string 10 which is Important As the drill 
string 10 rotates, several components located above the bit u take measurements regarding the formation 

30 12 around the borehole 13 and the angular position of the drill string 10. In particular, a resistivity sensor 1B 
is provided with one or more resistivity buttons 20 which measure the resistivity of the formation 1 2 at the point 
where the button 20 faces the wall of the borehole 13. According to one embodiment of the invention, the re- 
sistivity button 20 is coupled to a processor 21 for processing resistivity measurements as will be described 
In more detail below. In addition to the resistivity sensor 18. a position sensor 22 is provided with a magnetic 

35 field sensor (three axis magnetometer) 24 and a gravity sensor (three axis accelerometer) 26, both of which 
are coupled to a processor 23, As known In the art, the processor 26 combines throo-dlmonslonal magnetic 
and gravitational data from the magnetic field sensor 24 and gravity sensor 26 to provide toolface data. As 
mentioned above, the toolface is the Instantaneous angular position of a point (e.g. the slick pin 23) on the 
surface of the drill string as the drill string rotates. Thus, in ono rotation of the drill string, the toolface will change 

40 from o to 3BO degrees and then repeat this scale during the next rotation of the drill string. In accordance with 
the Invention, the drill string 10 Is also provided with a mud pulse tolomotry component 30 for transmitting 
data uphole to processors 40 at tho surface for creating images and logs 42 as will be described in detail below. 
As the drill string 10 rotates, the resistivity button 20 on the resistivity sensor 18 is capable of taking many 
rapid measurements of the resistivity of the formation 1 2 around the bore hole 1 3. The resistivity measurements 

45 are indicative of the type of formation (mineral and porosity) present around the wellbore. e.g., sand, clay, lig- 
nite, montmorilionite, water, bound water, gas, oil, etc. each of which hove a different roaistfvity, typically in 
the range of 0.2 to 2,000 ohm-meters. As shown in Figure 1, the resistivity sensor 18 is fixed relative to the 
position sensor 22 so that both sensors rotate together. The resistivity button 20 is angularly offset from the 
slick pin 23 by a known angle [alpha] so that by knowing the toolface of the slick pin 23. the toolface of the 

so resistivity button 20 Is also known. The depth 32 of the resistivity sensor 18 Is computed at the surface using 
methods such as those taught in U.S. Patent Number 4,843,875. 

2. Foundation of the Methods of the Invention 

55 According to the methods of the present invention , the resistivity measurements and toolface data obtained 

by the abovc-doscrtbad components In the drill string are combined, compressed, and transmitted to the sur- 
face in real-time. At the surface, the tool race-resistivity data are decompressed and associated with transla- 
tion at distance data to produce a high resolution resistivity map which is used to form an imago of the formation 

6 
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around the borehole. 

The methods of the present invention stem rrom several acute observations regarding the nature of for- 
mations and the way In which a drill string penetrates a formation. It Is first observed that the drill string pen- 
etrates the formation at a typical rate of about 60 feet per hour with a rotational speed or from 30-180 RPM. 
5 It Is also observed that the nature of the formation often remains relatively constant for long distances before 
changing at a boundary. Combining these observations, it can be reaped that an image of the formation 
around the borehole will be characterized by a significant amount of redundancy and that there is more than 
cuf f Iclont tlmo during penetration of the formation to obtain sufficient resistivity data to create a relatively high 
resolution Image of the formation. 

10 

3. Amount of Data Required to Form an Image of the Formation 

Those skilled In the art of imaging will appreciate that alt Images are constructed from a plurality of pixels, 
and that the density of pixels affects the Image resolution. Specifically, the greater number of pixels per unit 

i$ area, the higher the resolution will be. In addition, those skilled In the art will appreciate that the range of the 
pixels will greatly influence the resolution of the resulting Image. Pixel range is defined as the number of dif- 
ferent values any pixel may assume. For example, given Identical pixel densities, pixels which may assume 
sixteen different values (4- bit pixels) win provide a much higher resolution Image than pixels which may assume 
only eight different values (3-blt pixels}, in constructing on Image of the formation around the borehole, resis- 

20 tivity data is used to determine the value of pixels and the pixels must be arranged according to the position 
In the borehole where their respective resistivity data was acquired. Therefore, it is necessary to associate 
each resistivity measurement with the translational and rotational position in the borehole where the resistivity 
measurement is made. 

Turning now to Figure 2. the formation 1 2. traversed by a cylindrical borehole, is imaged as a plane having 
25 a vertical dimension D and a horizontal dimension of 380 degrees. A single pixel P (resistivity measurement) 
forming part of an image of the formation around the borehole la located by its translational distance D from 
the surface and its angular position A inside the borehole. The vertical size of the pixel P Is Indicated by AD 
and the horizontal size of the pixel P is indicated by AA, In other words, as the drill string rotates and penetrates 
the formation, pixels (resistivity measurements) will be acquired rotationaily and translationaDy in order to as- 
30 semble an Image of the formation surrounding the borehole, rf, for example, the borehole has a circumference 
of 24 inches, Is penetrated at 60 feet per hour with a drill string rotating at 60 RPM. and pixela (resistivity meas- 
urements) representing 2 Inches by 2 inches are required to form a high resolution image of the formation, the 
following conclusions can be made. First, as the drill string rotates, twelve pixels (resistivity measurements) 
will be acquired during a single rotation with each pixel representing an angular width of thirty degrees. Second. 
35 as the drill string penetrates the formation, ten seconds will elapse before the translational distance of the drill 
string is Increased by two Inches. Considering the relative homogeneity of the formation, there is little change 
expected In a 2x2 inch area so that a resistivity measurement made anywhere within that 2x2 inch area should 
be valid Tor the entire 2x2 inch area. Although the resistivity sensor in the drill string actually traverses the 
formation in a spiral path, the accumulation of pixels can be considered as comprising cylindrical layers or or- 
40 thogonal slices about the wellbore. The homogeneity of the formation and the relatively slow penetration rate 
as compared to the rate of drill string rotation permits this approximation. 

According to the above example, the number of resistivity measurements used to create an Image of the 
formation around the borehole is twelve measurements every ten seconds or every two translational inches 
through the formation, In order to transmit these resistivity measurements to the surface in real-time, 1 .2 meas- 
es u foments must be transmitted each second. At a maximum transmission rate often bits per second, each re- 
sistivity measurement, together with its associated toolface position, must bo oxpreaaed in at most eight bits. 
As there will be twelve toolface positions, four bits would be required to express the positions, leaving only 
Tour bits for expressing the resistivity measurement This poses a problem in that resistivity measurements 
span a range of 0.2 to 2,000 ohms»meters. In addition, while the telemetry rate may be as high as ten bits per 
so second, other downhole data must also be transmitted to the surface during drilling. As a practical matter, the 
effective transmission rato for transmitting resistivity measurements and associated tootface positions may 
be only six bits per second. At this rate, the number of bits available for expressing each resistivity measure- 
ment would be only two. 

55 4. Data Compression 

According to one of the methods of the invention, reslsth/lty measurements are synchronized with prede- 
termined toolface positions so that only resistivity measurements need to be transmitted to the surface. Sev- 

7 
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eral different synchronization techniques may be used as described In more detail below. Moreover, in order 
to transmit resistivity measurements of the highest possible resolution, resistivity measurements are com- 
pressed according to a system of scales and ranges. For example. If resistivity measurements vary between 
0.2 end 2,000 ohm-motors, a scale and range table mey be defined as follows: 

5 
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Scat© Number 


Range Number 


0.2-0.3 


1 


1 


0.3-0.5 




2 


0.5 - 0.8 


1 


3 


0.8-1.3 


1 


4 


1.3-2.0 






2.0-20 


1 


6 


20 - 200 




7 


200 - 2O0O 




3 


0.2 - 2.0 


2 


1 


2.0 - 3.0 


2 


2 


3.0 - 5.0 


2 


3 


5.0 - 8.0 


2 


4 

*T 


8.0 - 13 


2 


5 


13-20 


2 


a 
P 


20 - 200 


2 




2on - 2000 


^_ 


n 
□ 


0.2 - 2.0 


3 


1 


20.5O 

A.,\f — iV 


w 


4 


20-30 


3 




30-50 


3 


4 


50-80 


3 


^ 


80- 130 


3 




1 30 - 200 


3 


7 


200-2000 


3 


n 


0.2-2.0 


4 


1 


2-0 - 20 


4 


2 


20 - 200 


4 


3 


200 - 300 


4 


4 


300 - 500 


4 


5 


500 - 800 


4 


6 


800-1300 


4 


7 ; 


1300-2000 


4 


8 



In this example, it will be seen that the first scale is more sensitive to values between 0.2 and 2.0 ohm-meters. 

9 
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The second scale Is more sensitive to values between 2.0 and 20 ohm-meters. The third scare is more sensitive 
lo values between 20 and 200 ohm-meters. The fourth scale Is more sensitive to values between 200 and 2,000 
ohm-metere. As mentioned above, since each measured layer of tho formation (e.g. two inches) is relatively 
homogeneous, only one scale will be needed to express the twelve resistivity measurements made for a par- 

9 tlcular measured layer. Moreover, since the homogeneity of the formation spans sovcral measured layers, a 
single resistivity scale can be used in expressing the resistivity for several measured layers. Thus, in trans- 
mitting resistivity data to the surface using the scale and range compression technique, a scale number is 
transmitted first and then followed by range numbers for each resistivity measurement over several measured 
layers of the formation, in this particular example, therefore, it would be possible to transmit four measured 

10 layers of resistivity measurements in a total Of 146 bits (two bits to indicate the scale used and three bits to 
indicate the range value for each of the forty-eight resistivity measurements made). It will be recalled that in 
this example, four measured layers of tho formation will be traversed by the drill string in forty seconds. Even 
with a transmission rate of only six bits per second, there is more than enough time to transmit the 146 bits 
needed to image the four layers traversed In real-time over forty seconds. 

15 Those skilled in the art will appreciate that the resolution of the formation image con be Increased sub- 

stantially by providing eight scales, each having sixteen ranges. In such case, three bits are needed to transmit 
the scale number and four bits are needed to transmit each resistivity measurement Thus, the forty-eight 
measurements used to I mage four layers of the formation can be transmitted In 135 bits which Is still well within 
the 240 bit limit (Gbps In forty seconds) imposod by this example. The other forty-five bits available in real- 

?x> time can be used to transmit other downhole data which may be necessary for the drilling process. 

It will be appreciated that prior to transmitting scale and rango data uphcle. the resistivity measurements 
are stored and analyzed to determine which scale(s) will be used. Different algorithms may be applied to de- 
termine which scale(s> are most appropriate for expressing the resistivity data accumulated. Moreover, the 
number of resistivity measurements transmitted under a single scale number may be variable or fixed, in a 

25 simple embodiment, a fixed number of resistivity measurements will always be expressed using a single scale 
and those measurements win be analyzed to determine which scale is most suitable for expressing them. A 
second scale will be chosen only after a fixed number of resistivity measurements have been expressed using 
the first scale. In another embodiment, minimum and maximum resistivity measurements are constantly moni- 
tored and a new scale is selected whenever deemed appropriate. 

30 A scale 5 may be created as a function of maximum and minimum resistivities from the previous layer, 

e.g. S=1{Rvm.RM*x)' An appropriate transform Is then used to compress the resistivity values, o g. Range= 
g(S t R), where Range is the compressed resistivity, g is the appropriate transform, S is the scale factor and R 
Is the reslstMty to compress. Another way of expressing this is: Rango= h (Rutn, R)t where h Is an ap- 
propriate compression algorithm wfth a variable scale depending on the value Rf^ and Ru^ from the previous 

35 layer. 

5. Synchronizing Toolface and Resistivity 

As mentioned briefly above, according to one aspect of tho Invention, resistivity measurements are syn- 

40 chronized with predetermined toolface positions and transmitted lo the surface Irt the sequence that they were 
made- Ac shown In Figure la. the resistivity sonsor 15 is provided with a button sensor 20, a processor 21, a 
synchronizing clock 17, and a memory 19. The position sensor 22 Is provided with a magnetic field sensor 24, 
a gravity sensor 26, a processor 28, a memory 25, and a synchronizing clock 27. In the example given above, 
a resistivity measurement will be made every thirty degrees during a measurement rotation and stored in mem* 

*5 cry 19. The measurements are processed by processor 21 according to the compression scheme described 
above and ultimately transmitted to the surface in sequence according to their predetermined toolface posi- 
tions of 30. 00. 90. 120. 150. 160 degrees, etc In order to synchronize the resistivity measurements with the 
toolface positions, the toolface measuring device and the resistivity measuring devico must communicate in 
some way. Communication is straightforward when the toolface measuring device and resistivity measuring 

so device are parts of the same component and can communicate through a direct electrical connection between 
their respective processors 21, 28. in such a case, resistivity measurements will be recorded to memory 19 
by processor 21 every time the toolface is one of the predetermined values as indicated by processor 28. Com- 
munication is more problematic, however, when the toolface measuring device 22 and the resistivity sensor 
10 are located in different components in the drill string. As mentioned above, different components In the 

55 drill string can communicate through electromagnetic telemetry at a maximum rate of a few hundred bits per 
second. The problem of synchronizing the data from separate components is made even more difficult because 
the rate at which the drill string rotates is not constant and can vary significantly even during a single revolution, 
often by as much as fifty percent. It will bo appreciated that when tho drill 3tring rotates at 180 RPM, resistivity 

10 



PAGE 54/70 1 RCVD AT 7/5/2005 3:22:43 AM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/0 * DNIS:8729306 * CSID:0427537649 * DURATION (mm-ss):18-50 



FROM SCHLUMBERGER K. K. IP Legal 



2005 07 05 16: 37/ST. 16:23 



P055 



EP 0 684 490 A2 

measurements must be taken much faster than when tho drill string rotates ec only 30 RPM. for example 

The present invention provides several methods for synchronizing separate resistivity and toolface com- 
ponents and to account for broad variations In the rotational speed of the drill string. According to one method, 
tho rosi3tMty sensor 18 waits for a synchronizing pulse from the toolfaco component 22 and begins recording 
s resistivity measurements in memory 1 9 at a constant predetermined rate controlled by its synchronizing dock 
17. Since the time lag between the sending of the synchronizing puis© by the toolface component 22 and the 
reception of the pulse by the resistivity sensor 18 Is known, the offset between the toolface and the resistivity 
measurements can be corrected. Tho constant rate of resistivity measurements is predetermined by the high- 
est possible rotational speed of the drill stdng. For example, if resistivity measurements are to be taken every 
10 thirty degrees of toolface position, twclvo measurements are needed. At 30 RPM {two seconds per revolution), 
a resistivity measurement must be recorded every .166 seconds. At 180 RPM (.33 seconds per revolution), a 
resistivity measurement must be taken every .0277 seconds. In order to compensate for rotational speed fluc- 
tuations, the resistivity sensor 18 always records measurements at the highest rate of one every .0277 sec- 
onds. Thus, at the highest RPM, twelve measurements will be recorded between synchronizing pulses from 
16 thetoolfacecomponcnt22andotthoslowcstlVM,seventy-twomeeBurement3will be recorded betweensyn- 
chronizing pulses from the tooJface component 22. Since only twelve equally spaced measurements are need- 
ed, when the number of measurements oxecods twelve, twelve measurements ere interpolated from them. 
For example, in the case of seventy-two measurements, every sixth measurement might be used, in the case 
of twenty-four measurements {60 RPM), every other measurement might be used. Moreover, as rotational 
20 speed may vary within a single revolution, the resistivity measurements recorded may not be equally spaced 
according to their respective toolface positions. In such a case, equally spaced resistivity measurements can 
be Interpolated from the unequally spaced rocordod measurements. From the foregoing, it will be appreciated 
that the rate of measurement is related to the maximum speed of rotation of the toolface and the duration of 
measurement is related to the minimum speed of rotation. Thus. In the above example, resistivity measure- 
- 25 ments are taken at the rate of one every .0277 seconds for two seconds. 

According to an alternative method for synchronizing tooiface and resistivity, the toolface component dock 
27 is periodically synchronized with the resistivity sensor dock 17. Toolface positions are recorded in memory 
25 against time while resistivity measurements are also recorded against time In memory 19. The time coor- 
dinates of the toolface measurements arc then matched with the time coordinates of the resistivity measure- 
so ments and the twelve equally spaced resistivity measurements are thus chosen by processor 21 , 

it will be appreciated, therefore that prior to transmission uphole. the toolface data and resistivity data ore 
processed down hole to provldo a predetermined number {In the above example, twelve) of resistivity meas- 
urements for each measured layer of the formation to be imaged. The resistivity measurements are then proc- 
essed according to the scale and range compression scheme described above and tho scale end range nunv 
35 bers are transmitted uphole by the MWD telemetry component 30. According to the embodiment shown In Fig- 
ure la, processors 21 and 28 participate in the above-described downhole processing of resistivity measure- 
ments. Those skilled In tho art will appreciate, however, that fewer or additional processors and/or memory 
may be desirable In the per rormance of the methods described thus far. 

40 6. Telemetry Data Frame 

As mentioned above, the POWERPULSE MWD component is capable of transmitting six or more bits per 
second. It has also been stated herein that in addition to the resistivity data to be transmitted In real-time for 
Imaging the formation, other downhole data must bo transmitted uphole in real-time in order to provide an ef* 

45 ficlent drilling operations. These other data might include, for example, downhole weight on bit, downhole tor- 
que, three axes of the gravity field and three axes of the magnetlo field. In actual practice, there arc several 
hundred downhole measurements which can be made. Typically, however, between five and ten other meas- 
urements will be transmitted along with resistivity Image data In real-time. According to the examples given 
above, between 148 and 19S out of every 240 bits transmitted will be devoted to real-time resistivity data. 

so This leaves 45-94 bits available for other data. 

According to another of the methods of the invention, a telcmotry data frame is provided to multiplex re- 
sistivity data with other downhole data for transmission to the surface. For example, where 195 out of 240 bits 
are reserved for resistivity data, a possible data frame is represented below where [SYNCSOF] represents a 
9-bit stert-of-framo signal. SCA represents a 3-bit scale number, RNQ1 through RN12 represent twelve 4-bit 

S3 range values expressing the twelve resistivities taken at thirty degree Intervals of the first measured layer of 
the formation, RN13 through RN24 represent values for the second measured layer, etc.. and where each 
represents other data. 
rSYNCSOF]— S<^RN01RN02RNQ^W 

11 
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RN11RN12 RN13RN14RN15-RN1BRN17RN18-RN19RN20RN21-RN22RN23 

RN24 RN25RN26RN27-RN28RM29RN30-RN31RN32RN33-RN34RN35RN36 

RN37RN36RN30-RM40RN41 RN42-RN43RN44RN45-RN46RN47RN48 — 

Those skilled in the art will appreciate that many other data frames an* possible. The 240-blt data frame 

5 shown here is suitable for the examples given above where one of eight scales each having sixteen ranges 
will be used to compress forty-eight resistivity values representing Tour measured layers of formation. At a 
transmission rale of 6 bps, this 240-bK frame can be transmitted in forty seconds during which time, roslstivity 
values -for the next four measured layers of the formation will be recorded, synchronized with tool face data, 
and compressed according to an appropriate scale. As mentioned above, with a typical penetration rate of one 

10 foot per minute, data for two inch measured layers will be accumulated at the rate of six measured layers per 
minute. At this rate, four measured layers of data will be accumulated In the exact same amount of time during 
which a previous four measured layers were transmitted to the surface, making the transmission "real-time 11 . 
It will be recalled, however, that it is possible to transmit data uphoie at rates greater than 6 bps. In that case, 
the sample data frame above, can be expanded to include even mora data. Alternatively, additional scale val- 

15 uescan be added to theframe. orthe resolution of the resistivity measurements can be even further enhanced* 

7. Timing Considerations 

In order to accumulate, process, compress and transmit data in a timely manner, the transmission of the 
20 telemetry data frame must be synchronized with the accumulation, processing and compression of data. Figure 
3 show© one method by which these operations may bo coordinated so that data is transmitted in a timely man- 
ner. In this example, the toolface measuring device and the MWD telemetry device are located in the same 
component of the drill string and communication between them Is virtually instantaneous, The resistivity meas- 
uring dovkse Is located in a separate component of the drill string and communication between Hand the other 
25 components is vsa electromagnetic telemetry. Moreover, the method depicted in Figure 3 relates to the tool- 
face-re sistivity synchronizing method described abovo where a clock synchronizing signal is periodically sent 
from the toolface component to the resistivity component As shown in Figure 3, the center column 50 Indicates 
the sequence of operations In time by the tooHace-telemetry compononL The right column 52 shows the se- 
quence of operations in time by the resistivity component The left column 54 shows the liming of the telemetry 
30 data frame. 

It will be appreciated that before arty data transmission can begin, date mustf irst be acquired, processed 
and compressed. Accordingly, data transmission will be slightly offset in time from data accumulation, proc- 
essing and compression even though data Is transmitted at least as fast as it is accumulated. Turning now to 
Figure 3. a first clock Synchronization pulse is sent at to from the toolface-telemetry component to the resistivity 

55 component by electromagnetic telemetry. The resistivity component receives the synchronizing pulse and, at 
time to+At where At Is a predefined time, begins recording one measured layer of resistivity measurements. 
According to the example given above, the resistivity component will record a resistivity measurement once 
every .0277 seconds for two seconds yielding a total of seventy-two measurements. Depending on the spcod 
of rotation, this may rcprosont from 1 to S revolutions of the drill string. 

40 Simultaneously, the toolface component will start recording, at time to*At, seventy-two toolface positions 

at the same rate for two soconds. After recording seventy-two resistivity measurements, the resistivity com- 
ponent transmits the seventy-two measurements to the toolface-telemetry component at time t, where t, = 
lo*Al*2 seconds. These measurements are received by the tooifoco-tdomotry component through electro- 
magnetic telemetry. Thereafter, the seventy-two resistivity measurements are compared to the seventy-two 

-*S tooirace measurements and twelve resistivity measurements at predetermined toolface positions representing 
one measured layer of the formation arc selected. The twelve selected resistivity measurements are then sub- 
jected to the scale/range compression method described above. It is only now, at time t& that transmission of 
resistivity data may commence. 

It should be noted that, in the meantime, the telemetry data frame has been initialized with the original 

50 synchronizing pulse at to and a synch word SOF has been transmitted uphoie by the mwq telemetry compo- 
nent to signal the start of a data frame, in this regard, it will be appreciated that the tf me from to to Is prede- 
termined so that after the synchronizing pulse at to, all of the various components rely on their respective syn- 
chronized clocks to accomplish their respective tasks at the appropriate times. Between time t 2 and a time not 
exceeding t«, the scale number and the twelve resistivity measurements from the first layer measured are 

55 transmitted by the MWD telemetry component according to the data frame described above. In this regard, it 
should also be noted that between times to and t ? , other downhole data is transmitted according to the data 
frame. The microprocessor downhole Is programmed to transmit the data frame according to a precise timing 
which is perfectly synchronized with the tasks described in Figure 3. Data received at the surface are time 

12 
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•stamp*<T at reception. The time "stamps" on the resistivity data are "shifted" to compensate for the difference 
between acquisition time and transmission time. The depth data are processed at the surface and associated 
with the resistivity data. The processing of depth data may be accomplished using the methods described in 
U.$, Potent Numbor 4.843.875 which has been cited herein above. 

5 According to the data frame, the scale number and first twelve resistivity measurements will be transmitted 

between times t* and a timo not exceeding t* At time U the synchronized docks of the loolface-ielemetry 
component and the resistivity component 3ignal these components to again make seventy-two measurements 
of resistivity and toolface In two eeeonds ending at time fe. The second measured layer resistivity measure- 
ments are transmitted to the toolface-telemetry tool where they are processed and transmission Is started at 

10 t« as described above. Acquisition, processing and transmission proceeds according to this schedule from t 7 
through t 1ft until the data frame is completed (four layers in forty seconds according to the example above). A 
next data frame commences with a next dock synchronising signal ot t^. Those skilled in the art will appreciate 
that the vertical resolution of the image will vary according to the rate of penetration. Therefore, the telemetry 
frame should be adjusted for the anticipated rate of penetration when preparing the tool for a Job. 

15 

8. Uphole Reception and Image Construction 

As mentioned above, the data transmitted from down hole Is Indicative of resistivities at predetermined tool- 
face positions for consecutive measured layers of the formation. The data is transmitted in real time, with a 
20 known time delay as explained above with reference to Figure 3. This data needs to be associated with trans- 
lational distance data in order to have the three dimensions neoeseary to form on Imago of the formation around 
the borehole. 

Figure 4 shows a schematic block diagram of the uphole data reception and processing. Telemetry signets 
60 received from the downhole MWD component arc domodulated at 64 while at the same time uphole depth 

25 (translation^ distance) sensors 62 provide translation^ distance values both of which are synchronized by 
clock 65. The demodulated telemetry signals are converted to their original resistivity scale and resistivity 
range values at 68 and translattonat distance values corresponding to each resistivity range value are provided 
at 70. The scale value, the resistivity ranges and the translation^ distance values are eombinod at 72 with the 
predetermined toolface positions to provido coordinates corresponding to an image of the formation surround- 

so ing the borehole. A color imaging device 74 is preferably driven by assigning a cofor to each resistivity scale, 
resistivity range. Thereby, color pixels are arranged In order, as mentioned obovo, from left to right according 
to toolface position and from top to bottom according to transnational distance. 

9, Image Enhancement 

The processes and apparatus described above provide a relatively high resolution color Image of the for- 
mation In reaMlme. The resolution of this Image may be enhanced even further by using various image en- 
hancement algorithms. For example, as shown in Figures 5, 8a and 5b, the resolution of an image consisting 
of pixels can be enhanced in several ways. Figure 5 shows an unenhanced Image consisting of nine square 

40 pixels, each pixel having a different color C1 through C9. The number and range of the pixels in this Image 
can be Increased by blending adjacent pixels to form new pixels having new colors. 

According to the enhancement method shown in Figure 5a. each of the nine square pixels C1-C9 is divided 
into five portions: a central diamond shaped portion and four surrounding triangular shaped portions. For ex- 
ample, pixel C1 is divided into portions C1 \ and M1-M4. Central pixel C V remains the seme color es pixel C1 . 

46 The surrounding triangular pixels are assigned color values based on the colors of adjacent original pixels. 
Pixel M1, for example Is assigned a new color based on an average of tho colors of pixels C1> C3, C4, and 
C7. Similarly, plxoi M2 = (C1+C2+C3+C6)/4. It will be appreciated that following this method, every four ad- 
jacent triangular pixels will be assigned the same color and join to form diamond shaped pixels. The resulting 
enhanced image will consist of twice as many pixels. 

so Another enhancement method is shown In Figure 8b. Here, each of the nine original square pixels Is divided 

into nine parts: a central square pixel, e.g. Cr. four latorally surrounding rectangular pixels, e.g. N2. N4. N6, 
and N8, and four corner square pixels, e.g. N1» N3, N5 T N7. Colors are assigned to newfy formed pixels by 
averaging from adjacent original pixels. For example, square pixel N1 = (C1+C4+C3+C7)/4. Rodangular pixel 
N8 = (C1+C4)/2. it will be appreciated that following this method, every four adjacent square pixels will be as- 

55 signed the same color and Join to form new square pixels and every two adjacent rectangular pixels will be 
assigned the same color and Join to form new square pixels- The resulting enhanced image will consist of three 
times as many pixels. 

From the foregoing, those skilled in the art will appreciate that other types of image enhancement tecrmi. 

13 
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ques may be applied in the context of the invention to provido a higher resolution image of the formation. 

There have been described and illustrated herein several embodiments of methods and devices for real- 
time formation imaging through measurement while drilling telemetry. While particular embodiments of the 
invention have been described, It Is not Intended that the Invention be limited thereto, as it is Intended that the 

5 invention be as broad In scope as the art vylR allow and that the specification be read likewise. Thus, while 
particular types of sensors for sensing toolfaco and resistivity have been disclosed, it will be appreciated that 
other sensing devices could be utilized. Also, while the sensors have been shown in particular locations In the 
drill string, it will be recognized that the sensors may be located at different locations in the drill string without 
departing from the scope of the Invention. Moreover, while par lioular methods have been disclosed In reference 

io to synchronizing toolfoce and resistivity moasurcmonts. it will be appreciated that other methods could be used 
as well. Furthermore, while a specific method of resistivity data compression has been disclosed, it will be 
understood that different data compression methods can achieve the same or similar result as disclosed here- 
in. Additionally, while a specific telemetry data frame h as been disclosed, it will be appreciated that many other 
configurations of the data frame can achieve the results desired. In this regard, it will also be understood that 

16 the number and rate of resistivity measurement can be varied according to the drilling conditions to accom- 
modate different drilling speeds and different telemetry rates. It will also be appreciated that the real-time re- 
sistivity data transmitted to the surface according to the Invention can be used for purposes other than for form- 
ing an Image of the formation. Moreover, the methods of the present Invention may be applied to other types 
of downhole data for rapid real- 1 [me transmission to the surface using the relatively slow transmission rates 

2o imposed by MWD telemetry devices. 

It will therefore be appreciated by those skilled In the art that yet other modifications could be made to 
the provided Invention without donating from Its spirit and scope as so claimed. 



2$ Claims 

1. Method for providing, while drilling a borehole with a drilling tool, a high resolution data map of the for- 
mation surrounding the borel>ole in substantially real-time at the surface, said method comprising: 

a) selecting a plurality of unique toolfoce positions of the drilling tool; 
30 b) recording data measurements at a plurality of tool face positions In the borehole; 

c) selecting recorded data measurements or Interpolations of recorded data measuromoms which cor- 
respond substantially to said unique toolface positions to obtain position data measurements; 

d) compressing the position data measurements to obtain compressed data; 

e) modulating said compressed data for transmission of modulated compressed data to the surface 
35 using MWD telemetry; 

f) receiving and demodulating the modulated compressed data at the surface to obtain said compressed 
data; 

g) obtaining distance data regarding the location of the drilling tool In the borehole; 

h) associating said compressed data or a decompressed version thereof with said unique toolface pos- 
<to itions and with said distance data; and 

i) repeating steps b) through h) to form a data map of the Formation surrounding the borehole. 

2. A method according to claim 1 . further comprising: 

j) associating said compressed data or a decompressed version thereof with first picture elements 
45 to form an image of the formation surrounding the borehole. 

3. A method according to daim 1 . wherein: 

said data measurements are resistivity measurements. 

so 4. A method according to claim 1 . wherein; 

said recording data measurements at a plurality of toolface positions comprises the steps of 

I) determining a first toolface position, 

II) recording sequential data measurements and sequential toolface positions at a constant predeter- 
mined rate for a constant predetermined duration, and 

$$ iil) associating each recorded sequential data measurement with a corresponding recorded sequential 

toolface position. 

5. Amethod according to daim <i, wherein; 

14 
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said selecting recorded data measurements or interpolations of recorded data measurements 
which correspond substantially to said unique toolface positions comprises the steps or 

i) comparing the recorded toolface positions with said plurality of unique tooiface positions, and 

10 selecting the recorded data measurements mado at toolface positions which correspond to said 
5 unique toolface positions or Interpolating from said recorded data measurements data measurements 

which correspond to said unique toolface positions. 

0. A method according to claim 1 . wherein: 

said recording data measurements at a plurality of toolface positions comprises the steps of 
to i) determining a first toolface position, and 

ii) recording sequential data measurements at a constant predetermined rate until the first toolface pos- 
ition is again determined. 

7. A method according to claim 6. wherein: 

15 said selecting recorded data measui^mcntc or interpolations or recorded data measurements 

which correspond substantially to said unique toolface positions comprises the steps of 

I) counting the number of recorded sequential data measurements to determine a number M; 

II) dividing the number M by the number of said unique toolface positions to determine a quotient N; 

III) selecting approximately every Nth one of the recorded sequential data measurements as being rc- 
20 spectively associated with a corresponding one of said unique toolface positions. 

8. A method according to claim 1 , wherein: 

. said compressing comprises the steps of 
0 creating a plurality of scales* each scale having an identifiable value and representing a plurality of 
25 ranges, each range having an identifiable value and representing a range of data values, and 

II) selecting a scale value and a range value for each of said position data measurements which best 
approximates said position data measurement 

9. A method according to claim 1, wherein: 

oo said compressing comprises the steps of 

i) creating a plurality of scales, each scale having an identifiable value and representing a plurality of 
ranges, each range having on identifiable value and representing a range of data values, and 
II) for a plurality of said position data measurements, selecting a single scale value and for each of said 
plurality of said position data measurements selecting a range value. 

99 

10. A method according to claim 8, wherein; . 

said modulating compressed data comprises the stops of 
i) modulating a first scale value corresponding to a first compressed datum and a first range value cor- 
responding to the first compressed datum, 
40 Ii) determining whether a next scale value corresponding to » next compressed datum is the same as 

the first scale value and. ir so. transmitting a next range value corresponding to the next compressed 
datum, and 

ifi) repeating step H) until the next scale value is different from the first scale value. 

46 11. A method according to claim 9. wherein: 

said modulating compressed data comprises the steps of 
i) modulating said single scale value corresponding to said plurality of said position data measure- 
ments, 

ll) modulating each range value selected for each of said plurality of said position data measurements. 

so 

12. A method according to claim 9, wherein: 

said plurality of said position data measurements represents a layer of data measurements, 
said modulating said compressed data includes modulating said single scale value and modulating 
each range value selected for each of said plurality of said position data measurement*, 
55 steps b) through d) are completed before step e). and 

step e) Is completed before steps b) through d) arc completed a second time, 

13. A method according to claim 2, further comprising: 

15 
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k) arranging said first picture elements in rows and columns, each row corresponding to a distance da- 
tum and each column corresponding to one of said unique toolface positions; 
1) generating a plurality of second picture elomonts, each of said second picture elements being bound- 
ed by at least two of said first picture elements and being generated by averaging said at least two of 
5 said first picture elements, 

14. A method according to claim 1 , wherein; 

said recording data measurements l« performed during a recording cycle; and 

said recording cycle comprises at least one rotation of the toolface of the drilling tool. 

10 

15. An apparatus Tor creating an image of a formation surrounding a borehole In substantially real-time at 
the surface whllo drilling the borehole, said apparatus comprising: 

m a) a downhole data sensor located at a predetermined position In a drill string: 

b) downhole position means for determining at least one toolfoco position or said data sansorj 
« c) downhole synchronizing means for synchronizing data measurements with loolface positions; 

d) downhole first recording means for recording a plurality of data measurements made at a plurality 
of toolface positions, said first recording means being coupled to said data sensor 

e) downhole compression means for compressing at (east some of said data measurements, said com- 
pression moans being coupled to said recording means; 

20 f) downhole MWD telemetry means for transmitting compressed data measurements to the surface; 

g) surface apparatus distance measurement means for determining a location or said data sensor in 
the borehole; 

h) surface receiving means for receiving compressed data measurements; 

i) means for associating compressed data measurements with toolface positions; and 
25 j) surface means for associating compressed data measurements with distance. 

16. An apparatus according to claim 15, further comprising; 

k) surface means for associating compressed data measurements with first picture elements: and 
1) surface means for arranging said first picture elements according to depth and looirace positions. 

30 

17. An apparatus according to claim 15, wherein: 

said downhole data sensor Is a resistivity sensor. 

19. An apparatus according to daim 15, wherein; 
35 said downhole synchronising means includes 

I) signalling means for signalling a first toolface position to said first recording moans, and 

H) clock means for determining when data measurements are recorded, said clock means coupled to 

said first recording means, such that 

upon receiving a signal from said signalling means, said first recording means records a plurality 
40 of data measurements at a predetermined rate. 

19. An apparatus according to daim 15. wherein: 

said downhole synchronizing means includes 

i) second recording means for recording toolface positions, said second recording means being coupled 

49 to said position means, 

ii) first clock means for determining when data measurements are recorded, said first clock means cou- 
pled to said first recording means, 

iif) second clock means Tor determining when toolface positions are recorded, said second clock means 
coupled to said second recording means, and 

50 iv) signalling means for starting recording, said signalling means being coupled to said first and second 
recording means, such that upon receiving a signal from said signalling means, said first record- 
ing means records a predetermined number of data measurements at a predetermined rate and said 
second recording means records a same predetermined number of toolface positions at a same pre- 
determined rate. 



55 



20. An apparatus according to claim 15. wherein: 

said downhole compression means includes 
i) memory means storing a plurality of scales, each scale having an identifiable value and representing 

16 
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a plurality of ranges, each range having an identifiable value and representing a range of data values, 
and 

li) means for selecting a corresponding scale value and rango value for at least some of said data meas- 
urements. 

21. An apparatus according to claim 15, wherein: 

saw downhole compression means includes 
I) memory means storing a plurality of scales, each seale having an Identifiable value and representing 
a plurality of ranges, each range having an Identifiable value and representing a range of data values, 
10 and 

ii) means for selecting a corresponding scale value Tor a plurality of said data measurements and a 
corresponding range value for each of said plurality of said data measurements. 

22. A method for compressing measurement data acquired downhole in a measurement while drilling tool dar- 
ts ing the drilling of a wellbore, said method comprising: 

a) creating a plurality of scales* each scale having an Identifiable value end representing a plurality of 
ranges, each range having an Identifiable value and representing a range of data values; 

b) for each measurement, selecting a scale value and a range value which most closely approximates 
the value of the measurement and 

20 c) substituting the selected scale value and range value rot the measurement value, wherein 

the total number of bits required to express a selected scale value and range value is less than the 
number of bits required to express a measurement value. 

23. A method according to claim 22. wherein: 

25 a single scale value is selected for a plurality of sequential measurement values, and 

said single scale value and a plural Ity of range values is substituted for said plurality of sequential 
measurement values. 



OS 
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